Zinc oxide has been widely used as a white artist pigment since the end of the eighteenth century. The luminescence properties of this compound have received great interest during the last decades for promising applications in different fields of material science, but their diagnostic implications in the cultural-heritage context have been poorly exploited. This paper is intended to provide a clear picture of the luminescence behavior of zinc white in oil paintings. With this aim, three white pigments and three highly pure (analytical grade) zinc oxides were studied as powder substrates and as painting models by ultraviolet-visible (UV-VIS) fluorescence and Fourier transform infrared (FT-IR) spectroscopy. The quenching of the luminescence intensity of the UV excitonic emission due to self-absorption and multiple scattering phenomena has been investigated, pointing out the possible difficulty of detecting this signal with negative consequences in the diagnostics of works of art. By contrast, the UV emission is notably enhanced by interaction with the binder, whereas the visible emission decreases. This phenomenon is probably due to the formation of covalent bonds between zinc atoms and carboxylates from the lipidic medium that are chemisorbed on zinc oxide surfaces.
INTRODUCTION
Zinc white (ZnO), along with titanium dioxide and lead white, is one of the most frequently encountered white pigments in artistic and decorative paints. Although known since ancient times for its medicinal purposes, the use of zinc white in paintings is known to date only from the end of the eighteenth century. 1 After the industrial production based on the process elaborated by Leclaire (also known as the French, or indirect, process), the use of this pigment spread widely and rapidly replaced the poisonous lead white. 2 According to this process, pure zinc oxide was made from the controlled oxidation of zinc vapors derived from heating metallic zinc. A less pure form of zinc oxide was later produced in the United States by burning zinc ores with coal following a procedure called the American, or direct, process. A third preparation method, the wet process, was also used for the industrial production of zinc oxide from purified solutions of zinc sulfate or chloride by precipitating zinc carbonate, which was then converted into zinc white after calcination. 2 Zinc white is reported to be used both for priming and paint. In particular it frequently occurs in oil paints mixed with lead white, barium sulfate, or titanium dioxide to improve the hiding power or as a lightening agent in colored tube pigments added by the manufacturers. 1 Zinc oxide is a group II-VI semiconductor compound with a wide direct band gap of 3.37 eV at room temperature, which crystallizes in the hexagonal wurtzite structure. 3 The luminescence properties of this material have been known for a century but only in recent years has it attracted considerable attention for the promising applications as ultraviolet light-emitting diodes and laser diodes 4, 5 and for the development of dyesensitized solar cells 6 leading to relevant advances in the electrical and optoelectronic fields.
In the literature concerning the properties and applications of ZnO, two emission bands are usually reported. A narrow UV emission feature is observed at about 380 nm (3.25 eV) and it is assigned to the band-gap transition associated with the radiative excitonic annihilation (excitonic emission, EE), whereas the broader emission band situated in the range 460-580 nm (2.70-2.14 eV) 7, 8 arises from recombination of shallow, trapped, photogenerated charge carriers (holes, h, and electrons, e) and the deep trap states of ZnO (deep level emission, DLE). Although the identities of the recombination centers and mechanisms responsible for the visible luminescence has been a matter of controversy for many years, it is today generally agreed that oxygen vacancies are the most likely candidates for the recombination centers involved in the trap emission of ZnO. 7, 9, 10 In bulk ZnO the localized deep trap states have been identified as single positively charged oxygen vacancies, V O þ , that lie 2.0 eV below the conduction band. 11 Vanheusden et al. 12 suggested that the deep level emission results from the recombination of a shallowly trapped hole near the valence band, h VB , with electrons in a deep trap, V O þ . An alternative mechanism in which the emission arises from the recombination of a shallowly trapped electron near the conduction band, e CB , with a deeply trapped hole, V O þþ , has also been proposed by A. V. Dijken et al. 13 Considering the fact that the DLE band occurs in a wide wavelength range (depending on the synthesis procedure, particle size, and surface modification), it is likely that both mechanisms may be operative, although with different efficiencies. 10 Among the described radiative deactivation mechanisms, the electron-hole recombination may also involve non-radiative decay pathways from both the conduction band and the trapped states. 3 In the context of spectroscopy applied to the characterization of painting materials, the emission features of ZnO can be used to distinguish zinc white from other common white pigments. The DLE band is already used as a common probe to localize the presence of zinc white on paint surfaces by means of UVfluorescence imaging techniques. [14] [15] [16] This widespread practice may result in misleading interpretations due to the low specificity of the visible luminescence that may be overlapped with binder, 14 varnish, 17 and/or yellow dye emissions. 18 Higher specific and reliable characteristics may be provided by the excitonic emission band, as already highlighted on model samples and real paintings. [19] [20] [21] Even though the exciton absorption onset is commonly utilized as a clue for the noninvasive identification of zinc white in nineteenth and twentieth century paintings, [22] [23] [24] the use of luminescence spectroscopy may offer high sensitivity in the case of complex mixtures of pigments. This paper is intended to investigate the luminescence properties of zinc white in oil and alkyd media, evaluating the effect of physical and chemical interactions on both the band gap and the deep level emission. In the solid state, in fact, physical phenomena such as multiple scattering and selfabsorption of the emitted light may occur, leading to the distortion of the luminescence features, thus compromising the data interpretation. 25, 26 Such spectral alteration, which might consist of a shift of the emission maxima or a variation of the emission intensity, may become relevant for zinc oxide due to the wide overlap between absorption and excitonic emission bands.
Because the emission behavior of zinc oxide is reported to be strongly affected by the adsorption of polymers and surfactants containing highly oxidized organic groups, [27] [28] [29] [30] the chemical interactions of zinc white with organic binders as a function of aging time must also be considered.
Therefore, the investigation of the luminescence properties of zinc white in oil and alkyd media was carried out with special reference to the effect of physical and chemical interactions on the emission features of the pigment. The spectral behavior of the painting pigment, which was probably synthesized with poor accuracy, was compared with that of highly pure zinc oxide. With these aims, analytical-grade zinc oxides as well as artists' zinc white pigments, of historical and commercial origin, were studied first as powder substrates and then on alkyd and linseed oil painting models subjected to accelerated aging using an integrated spectroscopic approach based on UV-VIS fluorescence and infrared spectroscopy.
EXPERIMENTAL
Materials. The zinc oxide powders analyzed in this study consist of three highly pure compounds and three artists' pigments. The analytical grade oxides were purchased from Aldrich (99.999%), Carlo Erba (! 99%), and Alfa Aesar (99.99%). With regard to white pigments, two of them (ICN2764 and ICN2765) are pigments from an RCE reference collection (Rijksdienst voor het Cultureel Erfgoed, Amsterdam), purchased from the Oudt-Hollandse Olie-Verwenmakerij company in the 1970s, whereas the other is a commercial product purchased from Zecchi, Florence. All the compounds were first studied as powder substrates. Due to their different emission behavior, the Carlo Erba oxide and the Zecchi pigment were chosen to prepare painting mock-ups using two different binding media, a natural drying oil (linseed oil, Aldrich) and an alkyd medium (Gamblin, Portland, OR). The zinc oxide powder was mixed with the binder (pigment/binder 2/1 wt/wt) and applied as a thick painted layer of a few millimeters on a microscopy glass. Once the models were dry to the touch, they were exposed to artificial aging in the dark at 40 8C and a relative humidity (RH) . 95% for an overall period of 88 days. The infrared, UV-VIS reflection, and luminescence spectra were collected after 15, 28, 50, 69, and 88 days. Measurements corresponding to time zero were carried out after one month from the preparation of the models when both samples were dry to the touch.
Instrumentation and Analytical Procedures. X-ray Powder Diffraction. X-ray powder diffraction (XRPD) patterns for Rietveld refinements were collected with the copper (Cu) kalpha radiation on a PANalytical X'PERT PRO diffractometer, PW3050 goniometer equipped with an X'Celerator detector. The long fine focus (LFF) ceramic tube operated at 40 kV and 40 mA. To minimize preferred orientations, the samples were carefully side-loaded onto a glass sample holder. About 5% in weight of lanthanum hexaboride, LaB 6 , provided by The Gem Dugout (State College, PA), was added to the ZnO samples as an internal-line and peak-profile standard in order to allow accurate refinement of unit-cell parameters and evaluation of the instrumental contribution to the peak broadening. Patterns were collected in the 10-1408 2q range, adopting a 0.0178 2q angular step and a counting time of 20 s per step.
Refinement. Rietveld refinements were performed with the General Structure Analysis System (GSAS) program. 31 Unit cell parameters provided by The Gem Dugout were adopted for lanthanum boride (a = 4.1566 Å ) and were not refined. Data coming from single-crystal structure determination 32 were adopted as the starting model for ZnO. Scale factors, background (16 term, shifted Chebyschev function), sample displacement, cell parameters for ZnO, and peak profiles were first refined. The z positional parameter of oxygen and thermal displacement parameters for Zn and O were then refined. All the atoms were refined isotropically and neutral atomic scattering factors were used. No correction was applied for absorption and preferred orientation. At the end of the refinement, the shifts in all parameters were less than their standard deviations. The diffraction profile was modeled using a pseudo-Voigt function as implemented in the GSAS package (profile function #2). 33 Peak broadening anisotropy was modeled employing Xe and Ye parameters, which accounted for anisotropic size and microstrain contributions, respectively. The [100] anisotropic broadening axis was selected. The instrumental contribution to the peak broadening was evaluated by the refinement of the profile of LaB 6 as internal-peak profile standard. The refinement procedure was performed following the method described by Balzar et al. 34 We assumed that the standard was not affected by microstrain, and the instrumental broadening was modeled by the refinement of W and Y peak shape parameters for Gaussian and Lorentzian contributions, respectively. For ZnO phases, the refined peak-shape parameters were P, X, and Xe that accounted for Gaussian and Lorentzian contributions to size effects, and U, Y, and Ye for the corresponding microstrain effects, while W was fixed at the value refined on the standard. The coherent domain sizes (volume-weighted) parallel (Dv jj ) and perpendicular (Dv ? ) to the c direction have been calculated as reported in Ref. 31 .
UV-VIS Reflection Spectroscopy. Reflectance measurements were undertaken using a portable spectrophotometer composed of Avantes parts: a deuterium-halogen lamp (Ava-Light-DH-2000-FHS) as a light source, an integrating sphere with a 6 mm diameter viewing aperture (ISP-30-6) to collect and transfer the reflectance signals via a quartz fiber-optic system (diameter 600 lm), and an AvaSpec-2048 chargecoupled device (CCD) detector. The AvaSoft software controls the acquisition of the spectra in the 200-1100 nm range. The reflectance spectra were expressed in terms of the remission function Rem[R(k)], according to the Kubelka-Munk theory valid for scattering and opaque media and represented by Eq. 1: 25, 26 kðkÞ
where k represents the wavelength, s(k) is the scattering coefficient, k(k) is the absorption coefficient, and R(k) is the diffuse reflectance factor. UV-VIS Fluorescence. Emission spectra were obtained using a Varian Cary Eclipse spectrofluorimeter, controlled by the Cary Eclipse spectroscopy software and equipped with a fiber-optic probe system, allowing a 12 mm 2 area to be analyzed. The instrument provides emission spectra corrected for the wavelength-dependent sensitivity of the recording device. The investigation of the emission properties of the ZnO powder and paint samples was carried out by exciting at 297 nm in order to minimize the contribution of the binder emission. The spectral resolution was 20 nm for the powder samples and 10 nm for paint mock-ups. In order to qualitatively evaluate the effect of the interaction with the binder on the luminescence behavior of zinc oxide, emission spectra of powders and unaged paint mock-ups were collected in the same experimental conditions (20 nm spectral resolution). This required a lower photomultiplier voltage (700 V) than that used for the set of paint samples exposed to artificial aging (800 V) in order to prevent signal saturation. Spurious radiation, which might interfere with the emission signals, was removed using a band-pass filter (full width at half-maximum (FWHM) = 10 nm), placed between the excitation monochromator and the sample, centered at the desired excitation wavelength. The filter was used in combination with a band-pass filter with zero transmittance in the excitation spectral range and constant transmittance in the emission range, placed in front of the emission monochromator. The contribution of spurious light coming from the xenon lamp to the emission spectra of samples was evaluated using a reflectance Spectralon standard manufactured by Labsphere (North Sutton, NH). This Spectralon reference has certified 99% reflectance in the wavelength range explored and does not show luminescence properties.
In order to take into account the fluorescence self-absorption and re-emission in the solid state, a model based on the Kubelka-Munk (K-M) theory of diffuse reflectance was applied. The theoretical base of the model has been widely described elsewhere. 25, 35 Fourier Transform Infrared Spectroscopy. Transmission infrared spectra were collected by a Jasco FT-IR 470-plus spectrophotometer equipped with a high-intensity ceramic source, a Michelson interferometer, and a DLATGS detector. The spectra have been collected on potassium bromide (KBr) pellets in the range 400-4000 cm À1 with a spectral resolution of 2 cm À1 .
RESULTS AND DISCUSSION
Before addressing the study of the emission properties of crystalline zinc oxide, it is necessary to make some preliminary remarks on issues related to fluorescence spectroscopy on solid surfaces. In particular, some factors, both experimental and physical, may alter the emission profile leading to the detection of distorted luminescence features with dramatic consequences in signal interpretation. First, particular attention should be given to the choice of a suitable band-pass filter for the selection of the excitation wavelength, thus allowing spurious light coming from the excitation light source (xenon lamp in this paper) to be avoided. In fact, in studying highly reflective surfaces, such as that of the white ZnO, the undesired stray light is scattered and reflected inside the fiber-optic system, interfering with the emission signals.
As an example, Fig. 1a shows the luminescence spectra (k exc = 297 nm) of the zinc white manufactured by Zecchi collected using two different band-pass filters with a broad (250-395 nm) and narrow (290-305 nm) range of transmission, respectively. When a filter with a broad band pass is used, besides the intense band centered at 520 nm (trap emission), two narrow emission features in the UV with maxima at 387 and 403 nm, respectively, are observed. The comparison of these spectra with the reflectance profile from a non-emitting surface (Spectralon) using the same instrumental setup (Fig. 1a , gray line) reveals that the observed UV bands are not emission but rather the result of the overlapping of the reflected stray light from the xenon lamp with the reflectance spectrum of the pigment (Fig. 1a, dotted line) . Using a filter with a narrow range of transmission, the spurious signals disappear and the weak band observable at 380 nm corresponds to the band-gap emission as expected for crystalline zinc oxide at room temperature.
The second important factor that should be taken into account is the occurrence of multiple scattering and selfabsorption of the emitted light. Because the zinc oxide bandgap emission is just below the onset of absorption (Fig. 1b) , a significant part of the emitted light can be re-absorbed by the pigment itself, leading to a distortion of the fluorescence spectrum. The extent of this effect has been evaluated by applying a correction model based on the K-M theory. 25, 35 As can be seen from Fig. 1b , the correction has a relevant effect on the band-gap emission, whose intensity is about three-fold enhanced.
The spectra shown hereafter in the paper are all acquired using a band-pass filter with a narrow range of transmittance and then corrected for multiple scattering and self-absorption according to the Kubelka-Munk model. The signal at about 750 nm, observed in some cases, is the second-order harmonic of the band-gap emission.
Characterization of Zinc Oxide Powders. In order to investigate any possible chemical and structural differences among the studied samples, X-ray powder diffraction (XRPD) and infrared (IR) spectroscopy have been also applied. With regard to the XRPD structural characterization, crystal data and details of the refinements are reported in Table I . For comparison purposes, literature structural parameters 32 are also shown. The coherent domain sizes range from 100 to 280 nm and aggregate in micrometer particle size.
Rietveld refinement revealed that Aldrich, Erba, and Alfa Aesar products show pure phases upon X-ray powder diffraction analysis, while the two ICN samples, and to a very minor extent the Zecchi sample, show the presence of some broadened peaks that can be ascribed to a semicrystalline zinc carbonate hydroxide hydrate, roughly corresponding to Zn 4 CO 3 (OH) 6 ÁH 2 O (JCPDS card 11-0287).
In agreement with XRPD data, IR spectra reveal in the ZnO pigments only the presence of zinc carbonate 36, 37 (Fig. 2) . The inset of Fig. 2 shows an enlarged view of the infrared range 2000-800 cm À1 of the different ZnO samples analyzed as highly concentrated KBr pellets in order to visualize the signal coming from impurities. The comparison of the different spectra clearly shows the presence of zinc carbonate absorption bands: the m 2 at 835 cm À1 and as the split m 3 at 1380, 1514, and 1559 cm À1 in ICN2765, ICN2764, and Zecchi.
In Fig. 3 , the luminescence spectra of highly pure zinc oxides are compared with those of zinc white pigments. Although both the excitonic (EE) and deep level (DLE) emissions are observed in all the analyzed samples, the two classes of compounds have different emission behaviors. The analytical-grade oxides show in general a broad band with a maximum at 585 nm (2.15 eV) and a weak shoulder at about 440 nm (2.8 eV). Meanwhile, the zinc white pigments show a far more intense green luminescence centered at 520 nm. The presence of yellow-blue DLE bands is compatible with both the Dijken 13 and Vanheusden 12 mechanisms for the radiative recombination of the charge carriers. Furthermore, some differences can be noticed in the relative intensity of the exciton and the visible emissions (Table II) , indicating a different efficiency of radiative deactivation pathways through charge carrier trapping with respect to exciton annihilation. Table II summarizes the optical, compositional, and structural results obtained for the ZnO powder samples.
Characterization of Zinc Oxide within Paint Layers. Considering the different luminescence properties and chemical composition observed between the two classes of analyzed compounds, painting models were prepared using one of the highly pure zinc oxides (namely Erba) and one of the zinc white pigments (namely Zecchi) worked with linseed oil and an alkyd binder. In Figs. 4a and 4b , the luminescence spectra of the painting models are compared with those of the powders. The interaction with the binder causes an evident increase of the EE fluorescence signal with respect to trap emission, along with an enhancement of the EE band with a concomitant depletion of the DLE band. The extent of the EE enhancement is greater for the analytical-grade zinc oxide (with an intensity ratio I EE /I DLE ten times larger with respect to the powder, Table  II ) than for the zinc white pigment (with I EE /I DLE five times larger with respect to the powder, Table II ) and seems to be independent of the nature of the binder.
Infrared spectra of Erba's and Zecchi's ZnO paints (both oil and alkyd), collected one month after preparation when both were dry to the touch, clearly underline the presence of a broad and strong band at about 1600 cm À1 coupled with a weaker and sharper signal at about 1420 cm À1 not present in the powder (Figs. 4c and 4d ) nor in the binder spectra. 38 Similar broad spectral features have already been observed by other authors in ZnO paint models and interpreted as a mixture of zinc carboxylates with different molecular weights 39 or generally assigned to zinc soaps. 40, 41 However, taking into account the wide literature [27] [28] [29] [30] concerning hybrid inorganic-polymeric composites made of ZnO functionalized with organic polymeric networks (for different fields of application, i.e., electronics, solar cells, catalysis), these bands at 1600 and 1425 cm À1 can be associated with the presence of carboxylic acid covalently bonded to the surface of ZnO rather than to free zinc carboxylates formed by dissolution of zinc ions. The broad band implies a variation in the coordination type of carboxylate to the ZnO surface formed by adsorption of free fatty acids, whereas the coordination of carboxylates formed by the dissolution of Zn 2þ ions is singular. 42 The detection of ZnO functionalized by organic acids of the binder allows us to explain the modification of the luminescence properties when passing from the powder samples to the painting models. In fact, the negatively charged oxygen atoms from carboxylic groups of the lipid binding media passivate the oxygen vacancies on the ZnO surface, then reduce the pathway for visible luminescence. 43, 44 Among the painting models, passivation seems to be less efficient for the white pigments, which probably present a higher concentration of oxygen vacancies than the analytical-grade zinc oxide.
With regard to the visible emission, a different behavior is observed. Though the paint mock-ups containing the zinc white pigment show the same green luminescence observed for the powder, in the presence of analytical-grade zinc oxide, the visible emission is broader and shifted to shorter wavelengths compared to the corresponding powder ( Fig. 4a, inset) . It is reasonable to hypothesize that, due to its low intensity, the zinc oxide emission is affected by the binder emission. This contribution could be negligible for the artists' pigment whose intense green luminescence is the predominant feature.
In Figs. 5a-5d , the modifications of the UV-VIS emission and reflection (inset of figure) properties of the aged painting models are reported. Exposure to high temperature and moist atmosphere in the dark causes a notable yellowing of the oil paint models as demonstrated by a decrease of reflectance values in the 400-650 nm spectral range (inset of Figs. 5c and  5d ), while no relevant modification of reflectance profile is observed in the presence of the alkyd medium (inset of Figs. 5a  and 5b ). With regard to the luminescence, both EE and DLE bands can be observed in aged samples despite some variations in the relative intensity and position with respect to unaged samples. Concerning the UV signal, a relevant increase of the emission intensity was observed after 15 days of aging, the extent of which is greater for zinc oxide than for the white pigment. Looking at the visible portion of the spectra, the most relevant modifications can be observed for the mock-up containing zinc white and alkyd medium. The intensity of the green emission in fact decreases with a concomitant increase in the blue region while the emission maximum progressively shifts towards shorter wavelengths as the aging proceeds.
In Figs. 6a-6d , the infrared spectra collected from the aged painting models are reported. The visualization of the broad band in the range 1620-1580 cm À1 along with the weaker signal at about 1400 cm À1 still indicates the presence of carboxylated-functionalized zinc oxide in the aged samples. Differences in the maxima of the peaks among the diverse samples and aging times could be related to different coordination structures, although a possible contribution of adsorbed water giving a bending -OH signal at about 1630 cm À1 cannot be discarded. Upon plotting the relative intensity of the ester stretching band C=O of the lipidic component (1730 cm À1 ) and the antisymmetric -COO À stretching of carboxylates (;1600 cm À1 ) versus aging time, some interesting observations stand out (Fig. 7) .
First, lower values of I 1730 /I 1600 are observed for the pure lipidic binder, namely oil, which, having a higher content of fatty acids, may generate a greater amount of chemisorbed carboxylates on the ZnO surface. Second, after 15 days of aging, independent of the nature of the binder and the ZnO source (pigment or pure oxide), I 1730 /I 1600 remains practically constant. Both electronic and vibrational spectroscopies underline that at 15 days of aging there is maximum concentration of chemisorbed carboxylates on the ZnO surface. The spectra are, in fact, characterized by a maximum intensity of the band-gap emission (due to the passivation effect) and of the infrared bands related to the organic-inorganic composites. After this, the samples show a decrease in the fluorescence intensity of the excitonic band, while infrared spectroscopy maintains an almost constant value for the feature assigned to the organic functionalized ZnO.
CONCLUSIONS
The luminescence properties of zinc white in oil paints have been evaluated and discussed through the combined use of electronic and vibrational spectroscopy. Artist formulations as well as analytical-grade zinc oxides have been analyzed, highlighting compositional differences and diverse emission behaviors. In particular, the investigated zinc white pigments contain zinc carbonate, probably as a residue of the synthesis procedure following the so-called wet process.
These findings opens up new research perspectives aimed at studying and characterizing the different historical artists' zincbased pigments highlighting possible spectral marker features for differentiating among the historical preparation procedures.
Concerning the luminescence properties, the visible emission of the pigments is far more intense and blue shifted with respect to the highly pure zinc oxides. In spite of these differences, all the analyzed compounds present the band-gap emission at about 380 nm. Considering that other common white pigments (titanium white, lead white, calcium carbonate, gypsum), including zinc-based pigments such as lithopone (zinc sulfide (ZnS) co-precipitated together with barium sulfate (BaSO 4 )) and pure ZnS, do not show emissions in the ZnO band-gap region, this feature may be used for diagnostic purposes as a marker for the identification of zinc white. The green emission, instead, is poorly specific because it can partially overlap with oil and/or dye emissions. Furthermore, its spectral position changes following aging at high temperature and humidity, whereas that of the excitonic band remains unaltered.
Although the excitonic emission is a specific feature for diagnostic purposes, it has been demonstrated that multiple scattering and self-absorption of the emitted light causes a relevant decrease in intensity, making the detection of this signal very difficult, unlike the nonspecific visible emission, which is poorly affected by these physical interactions. The spectral distortions generated by these phenomena can be attenuated by applying a correction model based on the Kubelka-Munk theory.
The study of painting models made of artists' pigments or zinc oxide powders mixed with a lipidic and an alkyd medium highlighted an enhancement of the band-gap emission, along with a quenching of the deep-level emission, possibly due to the formation of chemisorbed carboxylates, detected by infrared spectroscopy. In fact, the organic functionalization of ZnO favors the passivation of the oxygen vacancies by the carboxylic acids of the lipidic binder. In the aged paint models, infrared spectroscopy enables the detection of the presence of carboxylic acids anchored on the ZnO surface, while the spectral features of free zinc soaps, expected to be found in both oil and alkyd paints, 42 were not observed after 88 days of aging in the dark at 40 8C and 95% relative humidity.
Further investigations will be carried out to confirm and support the hypothesized organic functionalization of ZnO using other complementary techniques aimed at checking the structural conformation of the possible organic-inorganic composites. The nature of these compounds and the mechanism of their formation may give further insights into evolution of the luminescence properties of the pigment with aging.
In conclusion, the spectroscopic investigations on both pure ZnO and paint models demonstrated that physical as well as chemical interactions affect, to different extents, the UV and visible emissions of ZnO, leading to the observation of emission profiles that may considerably differ from that of the original pigment. Therefore, special care should be taken in relating different emission profiles detected on paintings to diverse pigment manufactures. 
